To investigate the atmospheric oxidizing capacity in certain polluted isoprene-rich environments, such as the forests 22 surrounding megacities. Here we present online observations of isoprene and its first-stage oxidation products methyl vinyl 23 ketone (MVK) and methacrolein (MACR) in summer 2016 at a remote, high-altitude mountain forest site (1,690 m a.s.l.) to 24 the north of the air-polluted Pearl River Delta (PRD) region in southern China. The observed isoprene level was found to be 25 significantly lower in comparison with other forest sites either in China or around the world, although the sampling site was 26 surrounded with subtropical evergreen broad-leaved trees which are strong isoprene emitters. Also, high 27 (MVK+MACR)/isoprene ratio was observed. Based on the observations, we hypothesized that the lower isoprene levels in 28 the study forest might be attributable to a strong atmospheric oxidative capacity in relation to the elevated regional complex 29 air pollution. High daytime OH and nighttime NO3 radical concentrations estimated by using a photochemical box model 30 incorporating Master Chemical Mechanism (PBM-MCM), as well as calculated short atmospheric reaction times of isoprene 31 and long photochemical age, indicated that the isoprene was rapidly and fully oxidized at this aged atmospheric environment, 32 which confirmed our hypothesis. The study suggests that the complex air pollution in the PRD region has significantly 33 Atmos. Chem. Phys. Discuss., https://doi
span drift calibrations of the analysers were conducted every two days. 23
In addition to the above chemical measurements, key meteorological parameters were monitored by an integrated sensor 24 suite (WXT520, Vaisala, Inc., Finland) including temperature, relative humidity, wind speed, wind direction and 25 precipitation. 26
OH and NO3 concentrations estimated using photochemical box model 27
Since the OH and NO3 concentrations were not measured in this campaign, they were estimated by using a photochemical located on the Tibetan Plateau (Bai et al., 2016b). Furthermore, O3 and NOx levels at this site were generally higher than the 23 observations available in other forest studies worldwide (Table 1) , likely suggesting the relevance of the low observed 24 isoprene levels with the complex atmospheric pollution in this region. 25 26
Diurnal variations 27
The diurnal behaviours of isoprene, MVK and MACR are influenced by a number of chemical (e.g. oxidants levels) and 28 meteorological (e.g. temperature) factors. Fig. 3 shows the average diurnal patterns of isoprene, MVK and MACR. The 29 diurnal variations of (MVK+MACR)/isoprene ratios, temperature, O3, NO2, NO and CO are also shown in the figure. During 30 the sampling periods (July 15August 17, 2016) , the sunrise and sunset times were 05:4906:03 and 18:5719:15 LT, 31
respectively. The mixing ratio of isoprene started increasing at 7 a.m., peaked at 2 p.m., and then gradually decreased to a 32 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-336 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 16 May 2018 c Author(s) 2018. CC BY 4.0 License. low level at night, and remained at this level until 7 a.m. of the next day. The levels of isoprene, MVK and MACR decreased 1 substantially at 6 a.m., likely due to the expansion of the atmospheric boundary layer (ABL) and entrainment of oxidants-2 rich free tropospheric (FT) air into the ABL (Vilà -Guerau de Arellano et al., 2011). The hourly averaged daytime 3 (06:0018:00 LT) levels of isoprene (377 ± 46 pptv, p < 0.01) and MVK (332 ± 32 pptv, p < 0.01) were both higher than 4 their average nighttime values (159 ± 35 pptv and 252 ± 28 pptv, respectively). However, the daytime level of MACR (66 ± 5 7 pptv) was slightly lower than its average nighttime value (81 ± 10 pptv). 6 Isoprene mixing ratios were consistently higher during daytime and lower at nighttime, indicating higher net production of 7 isoprene during the day compared to the night. Daytime MVK and MACR are formed dominantly from the reaction of 8 isoprene with OH radical (Reissell and Arey, 2001 ). The rapid decrease in isoprene after sunset was attributed to the reaction 9 with NO3 radical (Apel, 2002) . In this study, the MVK mixing ratios during the day were higher than those during the night, 10 suggesting that the MVK was mainly formed from the reaction of daytime produced isoprene with OH. In addition, the 11 remaining isoprene after daytime photochemical loss reacted with NO3 at night, contributing to the nighttime MVK 12 formation. Although the yield of MACR and MVK from isoprene NO3-oxidation are the same (0.035) and MACR react 13 faster with NO3 than MVK (Table S1) . Surprisingly, the nighttime MACR levels were slightly higher than those during the 14 day, probably due to the reaction of daytime residual isoprene with high levels of nighttime O3, as the yield of MACR from 15 isoprene O3-oxidation is nearly 2 times higher than that of MVK (Table S1 ). In this study, due to the remote and high-16 altitude nature of the site, both daytime isoprene photochemistry and nighttime NO3 chemistry played an important role in 17 the diurnal patterns of isoprene, MVK and MACR. Interestingly, higher MACR levels at night than that during the day may 18 attributed to the high nighttime O3. 19
In this remote forest area, isoprene oxidation was the dominating source of MVK and MACR. During the daytime and 20 nighttime periods, the (MVK+MACR)/isoprene ratio at a particular location is driven in part by the dominant daytime OH 21 and nighttime NO3 chemistry, which consumes isoprene while producing and destroying MVK and MACR. The ratio is 22 expected to depend on factors such as the isoprene emission rate, the NOx-dependent radical concentration, the degree of 23 atmospheric mixing, and distance from isoprene emitters (Montzka et al., 1995; Biesenthal et al., 1998) . In this study, it is 24 somewhat surprising that despite these effects, the calculated ratio is quite high, averaging 4.0 ± 0.8, as shown in Fig. 3 . The 25 ratio at nighttime hours (6.3 ± 1.4, p<0.01) is much higher than that (1.9 ± 0.5) during daytime hours. The diurnal pattern of 26 the ratio of this study is consistent with the results by Biesenthal et al. (1998) and Apel (2002) , with both studies showing 27 higher values during nighttime hours. The average ratio of (MVK + MACR)/isoprene is notably higher than that (0.12 and 28 2.0 for daytime and nighttime hours, respectively) by Apel (2002) , in which sampling site was ~12 m above a rural forest 29 canopy. The high (MVK + MACR)/isoprene ratios in this study are in close agreement with Kuhn et al. (2007) , who reported 30 an increase of the ratios with the height within the ABL. In addition, studies have shown that enhanced levels of the 31 (MVK+MACR)/isoprene ratio are expected in environments where the air mass has aged under high-NOx and high-oxidants 32 conditions (Apel, 2002) . In this study, the site was in a relatively high NOx and oxidants regime and this may havecontributed to the observed high ratios. This remarkably high (MVK+MACR)/isoprene ratio were indicative of a remarkably 1 high oxidation capacity, likely suggesting that isoprene was fully oxidized at this site in both daytime and nighttime periods. profiles of model-calculated OH and NO3 radical are shown in Fig. 4.  6 
Daytime OH 7
The average hourly daytime OH concentration estimated by PBM-MCM at this remote forest site was 7.3 ± 0.5 × 10 The high model-derived concentrations of OH in this study indicate that the atmospheric oxidative capacity of this forested 21 region was strong, which facilitates fast oxidation of daytime isoprene. 22
Nocturnal NO3 23
The estimated average nighttime hourly NO3 level was 6.0 ± 0.5 × 10 8 molecules cm high-elevation mountain site. Therefore, the relatively high nighttime NO3 concentrations at this high-altitude mountain site 7 may lead to fast decay of daytime residual isoprene and consequently contribute to MVK and MACR formation. Exposures can be calculated from observed daughter/parent ratios. Fig. 6a . The isoprene processing time is mainly relevant to OH and NO3 mixing ratios, which varied spatially and 4 temporarily, and the proximity to isoprene sources. 5
To obtain the detailed profiles of the isoprene atmospheric reaction time at the site, we calculated them which based on the 6 modelled OH and NO3 results in this study. Fig. 6b shows the derived reaction times from MVK/isoprene and 7 MACR/isoprene ratios. Reaction times derived from two methods exhibit a significant linear correlation (R 
Initial mixing ratios of isoprene 22
To check out the magnitude of isoprene oxidation, "initial isoprene", the total isoprene emissions that have been released 23 into the sample air masses, can be effectively calculated via reverse integration of isoprene's first-order oxidation (Wolfe et 24 al., 2016): 25 Scatter plots of calculated initial isoprene versus measured MVK+MACR during daytime hours are also given in Fig. 7b,  1 and a good correlation (R 2 =0.71) was obtained. Since the slope is related to the yield of (MVK+MACR) from OH-initiated 2 reaction of isoprene and further oxidation of those two products with OH, data points away from the dashed line are likely 3 due to chemical loss of MVK and MACR and/or the influence of continuous emissions of isoprene. These results further 4 confirmed that isoprene was fully oxidized in the air masses. 
Conclusions 16
In this study, isoprene and its major intermediate oxidation products MVK and MACR were simultaneously observed in 17 real-time in 2016 summer season at a high-altitude mountain forest site located at the Nanling Mountains in southern China. 18
Although the sampling site was surrounded with subtropical evergreen broad-leaved trees which are strong isoprene emitters, 19 the observed isoprene level (377 ± 46 pptv) was found to be significantly lower than other remote forest studies, while 20 (MVK+MACR)/isoprene ratio (4.0 ± 0.8) was relatively higher. Based on the observations, we hypothesized that the lower 21 isoprene levels in the study forest might be attributable to a strong atmospheric oxidative capacity in relation to the elevated 22 regional complex air pollution. 23
To validate this hypothesis, high daytime OH and nighttime NO3 radical concentrations were estimated by using a PBM-24 MCM, with average hourly mixing ratios of 7.3 ± 0.5 × 10 6 (0.36 ± 0.03 pptv) and 6.0 ± 0.5 × 10 8 (29 ± 3 pptv) molecules 25 cm -3 , respectively. The modelled values are comparable to those observations conducted in the adjacent PRD region. The 26 high model-derived radical levels indicate the strong atmospheric oxidative capacity in this subtropical-forested region, 27 which facilitates fast isoprene oxidation and subsequently contributes to the MVK and MACR formation. 28
In addition, the term "exposure" was used to express the isoprene processing, with mean daytime OH and nighttime NO3 29 exposure of 2.5 × 10 6 concentrations. Also, the initial isoprene was 4.3 times higher than the observed isoprene, and the photochemical age (12.4 h) 1 at this site was about twice times of that in the PRD region. These indicate that the isoprene was rapidly and fully oxidized at 2 this aged atmospheric environment. 3
To the best of our knowledge, there are no direct measurements of isoprene and its first-stage oxidation products at this 4 remote, subtropical forested and high-altitude mountain location in southern China; thus, the results presented here constitute 5 the first measurement-constrained evaluation of the early-stage isoprene oxidation. In this regard, the current work has 6 highlighted that the air quality and ecological environment of this forest was affected by the highly polluted air in the PRD 7 region and has led to enhanced oxidation capacity of the forest′s atmosphere. Continued field observations and further 8 studies are crucial for understanding the relatively high oxidative capacity of this region and for exploring the feedback of 9 forest ecosystems to the increasing atmospheric oxidizing conditions. Fuchs, H., Hofzumahaus, A., Rohrer, F., Bohn, B., Brauers, T., Dorn, H. P., Haseler, R., Holland, F., Kaminski, M., Li, X., 27
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